Shigella species and enteroinvasive Escherichia coli (EIEC) belong to the same species genetically, with remarkable phenotypic and genomic similarities. Shigella is the main cause of bacillary dysentery with around 160 million annual cases, while EIEC generally induces a milder disease compared to Shigella. This study aimed to determine virulence variations between Shigella and EIEC using the nematode Caenorhabditis elegans as a model host. Caenorhabditis elegans killing-and bacterial colonization assays were performed to examine the potential difference in virulence between Shigella and EIEC strains. Statistically significant difference in the survival rates of nematodes was demonstrated, with Shigella causing death at 88.24 ± 1.20% and EIEC at 94.37 ± 0.70%. The intestinal load of bacteria in the nematodes was found to be 7.65 × 10 4 ± 8.83 × 10 3 and 2.92 × 10 4 ± 6.26 × 10 3 CFU ml −1 per nematode for Shigella and EIEC, respectively. Shigella dysenteriae serotype 1 which carries the Shiga toxin showed the lowest nematode survival rate at 82.6 ± 3.97% and highest bacterial colonization of 1.75 × 10 5 ± 8.17 × 10 4 CFU ml −1 , whereas a virulence plasmid-negative Shigella strain demonstrated 100 ± 0% nematode survival and lowest bacterial accumulation of 1.02 × 10 4 ± 7.23 × 10 2 CFU ml −1 . This study demonstrates C. elegans as an effective model for examining and comparing Shigella and EIEC virulence variation.
INTRODUCTION
Shigella species are the causative agent of shigellosis, responsible for over 160 million infections and 1 million deaths annually (Lan and Reeves 2002; Niyogi 2005; WHO 2009 ). Enteroinvasive Escherichia coli (EIEC) is a pathogenic form of E. coli that causes dysentery similar to Shigella, yet with milder symptoms (DuPont et al., 1971; Lan et al., 2004; van den Beld and Reubsaet 2012) . EIEC is recognized as a heterogeneous group of pathogens that closely resembles Shigella as it shows high similarities in their pathogenic characteristics and certain metabolic traits (DuPont et al., 1971; Lan et al., 2004; Peng, Yang and Jin 2009; van den Beld and Reubsaet 2012; Maurelli 2013) .
It is generally accepted that the present Shigella strains arose multiple times from several independent ancestral E. coli strains and are more appropriately classified as a group of pathogenic E. coli (Pupo, Lan and Reeves 2000; Lan and Reeves 2002) . EIEC on the other hand is thought to have evolved later than Shigella and from different ancestral strains of E. coli (Lan et al., 2004) . Phylogenetic analysis using multilocus sequence typing (MLST) based on housekeeping genes showed that Shigella strains fall into three major clusters (clusters 1-3) with several outliers, while EIEC strains form four clusters (cluster 4-7) (Lan et al., 2004) . Despite the similarities in genotype and phenotype, it has been generally believed that EIEC induces a milder disease than Shigella (DuPont et al., 1971; Moreno, Ferreira and Martinez 2009; Bando et al., 2010; Moreno et al., 2012) . However, there has been an absence of suitable animal host models to investigate this variation. Moreno, Ferreira and Martinez (2009) demonstrated a significant virulence difference between one Shigella flexneri and one EIEC strain using the Serény test by causing keratoconjunctivitis in guinea pigs or rabbits (Moreno, Ferreira and Martinez 2009) . Recent studies have used the nematode Caenorhabditis elegans as an infection host for Shigella and other pathogenic E. coli (Burton, Pendergast and Aballay 2006; Diard et al., 2007; Kesika, Karutha Pandian and Balamurugan 2011; Kesika and Balamurugan 2012; George et al., 2014) . Caenorhabditis elegans has been used extensively as a simple and economical model to study host-pathogen interactions and identification of virulence mechanisms (Aballay and Ausubel 2002; Stiernagle 2006) . In this study, we tested whether the C. elegans model is capable of detecting virulence variation between Shigella and EIEC strains by quantification of nematode survival rate and bacterial colonization as the assessing parameters.
MATERIALS AND METHODS

Bacterial strains
Twenty-three clinical Shigella and EIEC isolates (Table 1) were used in this study, including 13 Shigella isolates and 10 EIEC isolates. All isolates selected possessed the pINV plasmid, with the exception of M1355, which has lost the pINV plasmid (as confirmed by PCR assays of the plasmid mxiE gene) and was included for the comparison of virulence with other strains carrying the plasmid. Each isolate was cultured on a standard nutrient agar (Oxoid now Thermo Fisher) and incubated at 37
• C overnight. The 
Caenorhabditis elegans strain and maintenance
Caenorhabditis elegans strain CF512 was obtained from the Caenorhabditis Genetics Centre, University of Minnesota. Caenorhabditis elegans CF512 is a temperature-sensitive mutant strain that is sterile at 25 • C, specifically chosen for the convenience in stopping progeny production to observe and quantify nematode mortality (Raices et al., 2005) . The nematodes were grown at 18
• C on nematode growth medium (NGM) agar plates seeded with E. coli strain OP50 as a food source, and homogenous stocks were maintained following protocols by Stiernagle (2006) . Prior to each assay, nematodes were incubated at 25
• C for 72 hours to ensure infertility. All assays were performed in triplicates at separate time points for accuracy and reliability.
Caenorhabditis elegans killing assay
To create bacterial lawns, NGM plates were seeded with 100 μl of overnight broth culture of each bacterial isolate (Table 1 ) and incubated at 37 • C overnight. Using a flamed-sterilized platinum wire, 40 young adult nematodes were transferred to each seeded plate and incubated at 25
• C for 72 hours. Nematode mortality was scored at 24-hour intervals. A nematode was considered dead if there was no response to physical touch with a platinum Pupo et al. (2000) and Lan et al. (2004) . $ pINV (−) indicates pINV-negative strain M1355 (Table 1) .
wire, and the ones that died as a result of being stuck to the wall of the plate or buried below the agar surface were excluded from the total count (Burton, Pendergast and Aballay 2006) .
Bacterial colonization assay
Immediately following the killing assays, bacterial colonization inside the intestine of C. elegans was quantified by a plating method adapted from Kesika, Karutha Pandian and Balamurugan (2011), Portal-Celhay and Blaser (2012), and PortalCelhay, Bradley and Blaser (2012) . MacConkey agar plates were used to visualize the bacterial colony-forming units (CFU). All Shigella and EIEC strains involved in this model as well as E. coli OP50 were initially cultured onto MacConkey agar to confirm the differentiating appearance of Shigella/EIEC (nonlactose fermenter-creamy colonies) and E. coli OP50 (lactose fermenter-red colonies). At the 72-hour time point, 10 live nematodes from each plate of the killing assay were transferred to a clean NGM agar plate where they were washed several times in 5-μl drops of M9 buffer containing 1 mM sodium azide (SigmaAldrich) for paralysis to prevent expulsion of bacteria from the nematode intestine and intake of antibiotics. The anaesthetized worms were then washed twice with M9 buffer containing 100 μg ml −1 gentamicin (Sigma-Aldrich), incubated for 60 min to eliminate any surface-adhering bacteria, followed by washing twice more with M9 buffer alone. The nematodes were then transferred to a microcentrifuge tube containing 200 μl M9 buffer and 400 mg of 1.0 mm silicon carbide beads (BioSpec). Tubes were vortexed at maximum speed for 1 min to disrupt the nematodes and expose the bacteria inside. The resulting suspension was serial-diluted, plated onto MacConkey agar plates for overnight incubation at 37
• C and colonies were quantified (Kesika, Karutha Pandian and Balamurugan 2011; Portal-Celhay and Blaser 2012; Portal-Celhay, Bradley and Blaser 2012). The nematode survival rates and CFU were compared using a twotailed t-test and a P value less than 0.05 was considered significant.
RESULTS AND DISCUSSION
Virulence variation of Shigella strains
We selected two to three isolates of different serotypes per Shigella cluster from each of the three genetic clusters and also from two Shigella outlier lineages (those that did not fall into any cluster), S. dysenteriae D1 and S. sonnei (Table 1) as determined by previous MLST studies (Pupo, Lan and Reeves 2000) . Caenorhabditis elegans killing assays and bacterial colonization assays were performed on the bacterial isolates in triplicate at separate times. Caenorhabditis elegans killing and colonization were assessed 72 hours after infection. The averages from the three replicates are shown in Table 2 .
Isolates among the three Shigella clusters (clusters 1, 2 and 3) showed similar nematode survival rates and intestinal bacterial load, with an average of 88.24 ± 1.20% and 7.65 × 10 4 ± 8.83 × 10 3 CFU ml −1 , respectively (Table 2) . Our results showed no significant difference between strains within each cluster and between the three clusters. The two S. sonnei outlier strains used in this study also demonstrated nematode killing and colonization ability comparable to the Shigella clusters, differing by 2.13% in nematode survival and an 8.63% decrease in bacterial colonization. While S. sonnei differs from most other Shigella serotypes in its prevalence in developed countries rather than developing countries (Yang et al., 2005) and its evolutionary lineage (Lan et al., 2004) , the C. elegans infection assays showed no significant difference in virulence between S. sonnei and the Shigella clusters.
The outlier S. dysenteriae D1 strain, M1372, demonstrated the highest mortality and colonization in nematodes as compared to all other Shigella and EIEC strains (P < 0.0001). The results are consistent with previous clinical and epidemiological data showing higher virulence in S. dysenteriae D1 isolates, which have been the causative agents of most deadly epidemics in many developing countries (Yang et al., 2005; Peng, Yang and Jin 2009; Bergan et al., 2012) . The higher virulence in S. dysenteriae serotype 1 is likely due to the Shiga toxin it carries. This toxin induces cytotoxicity and protein synthesis inhibition and is responsible for serious complications of shigellosis including haemorrhagic colitis and renal failure (Bergan et al., 2012) . All other Shigella and EIEC strains did not have the Shiga toxin. In enterohaemorrhagic E. coli O157:H7, the Shiga-like toxin 1 (Stx1) of E. coli O157:H7 has been shown to be required for full toxicity in C. elegans which activates the p38 mitogen-activated protein kinase pathway. The Shiga toxin in S. dysenteriae is similar to Stx1 and thus must also play a similar role (Chou et al., 2013) .
We also included a cluster 1 S. dysenteriae serotype 5 (D5) strain (M1355) that has lost the pINV plasmid. The strain had a 100 ± 0% nematode survival and lowest bacterial colonization being 1.02 × 10 4 ± 7.23 × 10 2 CFU ml −1 among the Shigella and EIEC strains. This confirms that the pINV is necessary for full virulence in Shigella and EIEC (Burton, Pendergast and Aballay 2006) . The pINV encodes essential virulence determinants including the type III secretion system, invasion plasmid antigens and various toxins (Yang et al., 2005; Schroeder and Hilbi 2008) . Therefore, one or more of the plasmid genes are also required for virulence to C. elegans.
Virulence of EIEC strains and comparison with Shigella
We selected two to three isolates each from the four EIEC clusters for the C. elegans killing assays and bacterial colonization assays, similar to Shigella isolates above. The results are shown in Table 2 and were similar among the four EIEC clusters (clusters 4, 5, 6 and 7), with an average of 94.37 ± 0.01% nematode survival and 2.92 × 10 4 ± 6.26 × 10 3 CFU ml −1 . There were no significant variations between the isolates within each cluster and between the four EIEC clusters. When results of Shigella and EIEC clusters were compared, the C. elegans infection assays showed a clear differentiation in the virulence between the Shigella and EIEC clusters. The average of nematode survival rate for the Shigella clusters (88.24 ± 1.20%) was 6.13 percentage points lower than the EIEC clusters (94.37 ± 0.70%) while bacterial colonization in the nematode intestine for Shigella clusters (7.65 × 10 4 ± 8.83 × 10 3 CFU ml −1 ) was 2.6 times higher than EIEC (2.92 × 10 4 ± 6.26 × 10 3 CFU ml −1 ). The survival rate and bacterial colonization rate between Shigella and EIEC were significantly different (P < 0.0001). The difference observed supports the current paradigm that Shigella is more virulent than EIEC (DuPont et al., 1971; Moreno, Ferreira and Martinez 2009; Bando et al., 2010; Moreno et al., 2012) . Shigella and EIEC share the same mode of pathogenesis with pINV encoding the main virulence factors required for invasion of the host (Lan et al., 2001 (Lan et al., , 2004 Maurelli 2013) . However, Shigella and EIEC differ in their biochemical activity with fewer inactivations of metabolic genes in EIEC (Lan et al., 2001; Prosseda et al., 2012) . Further studies are necessary to determine the factors responsible for such virulence difference, which potentially include the differing levels of virulence gene expression, metabolic genes and gene decay between Shigella and EIEC. Moreno et al. (2012) has also found a difference in host recognition and immune response between Shigella and EIEC. Our study provided a framework and promising worm model for future investigations of the virulence difference of Shigella and EIEC.
CONCLUDING COMMENTS
Previous studies have employed the use of C. elegans to study Shigella pathogenesis including the investigation of Shigellamediated immune response and pathogen virulence expression in hosts (Burton, Pendergast and Aballay 2006; Kesika, Karutha Pandian and Balamurugan 2011; Kesika and Balamurugan 2012; George et al., 2014) . This study has further validated the applicability of the C. elegans model for Shigella virulence. Caenorhabditis elegans infection and colonization assays were performed for the first time to EIEC strains. Quantification of nematode survival as well as bacterial colonization of the ingested pathogens confirmed similar virulence within the Shigella and EIEC clusters, and differing virulence between Shigella and EIEC.
This study has also shown that the epidemic S. dysenteriae D1 isolate demonstrated relatively highest virulence which is likely due to the Shiga toxin, previously shown to be a key factor contributing to a greatly increased virulence in S. dysenteriae D1 isolates in humans (Bergan et al., 2012) . The pINV-negative Shigella strain tested showed the highest nematode survival rate of 100 ± 0% and lowest bacterial colonization ability compared to all other Shigella and EIEC isolates possessing the plasmid with more than 10-fold difference to S. dysenteriae D1, reinforcing that bacterial colonization in the nematode intestine directly correlates with virulence and nematode mortality and that the pINV is crucial for the virulence of Shigella and EIEC. However, the variation in virulence may lie in metabolic genes. The C. elegans model will be useful to assess quantitatively and qualitatively the effects of various factors that determine the virulence variation. With the already fully sequenced C. elegans genome and the existence of many genetic mutant strains of C. elegans (Aballay and Ausubel 2002) , this model can also be used for investigating host-pathogen interactions at the genetic level.
